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I.  SUMMARY 


The  program  approach  in  Phase  II  has  been  one  of  concurrent  obser¬ 
vation  and  measurement  on  one  hand  and  the  search  for  methods  of  analy¬ 
sis  on  the  other.  Experimental  evidence  supports  the  idea  that 
techniques  of  analysis  developed  in  the  study  of  one-dimensional  un¬ 
steady  gas  dynamics  are  arplicable  to  the  problem  at  hand.  Support 
is  given  to  the  postulation  made  prior  to  Phase  I  that  the  transfer 
of  energy  from  the  primary  .let  to  secondary  air  is  explained  by 
considering  that  the  intermittent  primary  jet  acts  as  an  air  or  jet 
piston  as  it  leaves  the  tail  pipe  and  enters  the  thrust  augmenter. 

This  inferred  that  the  main  exchange  of  energy  took  place  across  the 
face  of  the  jet  as  a  direct  exchange  of  pressure  with  the  fluid  in 
front  of  the  interface  and  behind,  so  that  inflow  is  induced  by  a 
rarefaction  wave  that  is  created  behind  the  jet  interface,  and  a 
positive  pressure  is  built  up  along  the  walls  of  the  augmenter  ahead 
of  the  interface  by  a  compression  wave. 

Greatly  improved  visualization  of  the  motion  of  the  jet  interface 
and  measurement  of  its  velocity  through  the  augmenter  have  been  made 
using  high-speed  motion  picture  "color  schlieren"  photography;  and 
limited  "instantaneous11  pressure  measurements  have  been  made  in  the 
augmenter  throat  concurrently  with  the  motion  picture  seauences. 
Measurements  of  the  average  flow  rate  through  the  intermittent  jet 
augmenter  combination  have  been  accomplished  for  the  first  time. 

A  techniaue  for  measurement  of  unsteady  gas  flow,  which  uses  an  ultra¬ 
sonic  thermometer  in  conjunction  with  the  schlieren  photographic  system 
is  being  evaluated.  The  original  intention  was  to  provide  a  means  of 
calibrating  the  color  schlieren  system  so  that  bands  of  color  in  the 
photographs  would  produce  a  continuous  map  of  temperature  distribution 
in  the  intermittent  jet  and  thrust  augmenter  gases.  However,  as  the 
schlieren  photograph  portrays  the  temperature  gradient  rather  than 
the  temperature  itself,  the  results  have  been  difficult  to  analyze. 

Important  and  immediate  practical  results  have  stemmed  from  this  re¬ 
search  project  because  of  the  support  information  fed  into  the  Pulse 
Reactor  development  contract  NOa(s)  5>9-6055c.  Trends  revealed  in  the 
small-scale  research  investigation  made  it  possible  to  increase  the 
thrust  augmentation  of  full-size  tailpipe  aup:menters  from  77  percent 
to  lUO  percent  in  only  one  step. 

Preliminary  research  equipment  has  been  completed  and  initial  check¬ 
out  tests  are  encouraging  with  a  device  to  convert  steady  flow  to  inter¬ 
mittent  flow  without  causing  upstream  disturbance.  This  reveals  the 
possibility  of  developing  a  simple  mechanical  device  compatible  with 
steady  flow  jets  such  as  are  produced  by  air  turbines  and  water  im¬ 
pellers  which  may  double  the  thrust  of  the  steady  flow  device  by  the 
use  of  simple  intermittent  jet  thrust  augmenters. 
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2 .  INTRODUCTION 


The  major  effort  in  the  second  phase  program  has  been  to  verify  or 
modify  the  postulated  description  of  the  mechanism  of  energy  transfer  that 
was  described  in  section  U.5  of  Reference  3  (Report  ARD-238,  Final  Report 
for  Contract  Nonr  2761(00).  The  program  approach  has  been  one  of  concurrent 
observation  and  measurement  on  one  hand  and  the  search  for  methods  of  analy¬ 
sis  on  the  other  hand.  Great  difficulty  has  been  encountered  in  observing 
and  measuring  the  phenomenon  because  of  the  problem  of  visualizing  flow  in 
the  engine  cycle  operating  between  200  and  300  cycles  per  second.  It  was 
necessary  to  place  initial  emphasis  on  observing  and  measuring  so  that  "in¬ 
stantaneous"  values  could  be  obtained  to  check  against  any  ideas  for  mathe¬ 
matical  models .  The  tailoring  of  experimental  techniques  to  apply  to  this 
particular  situation  is  continuing. 

In  the  final  report  of  the  first  phase  work  (ARD-238),  a  mechanism  of 
thrust  augmentation  of  intermittent  jets  was  postulated  on  the  idea  that  the 
intermittent  jet  acts  as  an  air  or  jet  piston  as  it  leaves  the  tail  pipe  and 
enters  the  thrust  augmenter.  This  inferred  that  the  main  exchange  of  energy 
took  place  across  the  face  of  the  jet  as  a  direct  exchange  of  pressure  with 
the  fluid  in  front  of  it.  In  the  second  phase,  closer  attention  has  been 
given  to  the  details  of  this  energy  exchange.  Actual  pressure  measurements 
in  the  augmenter  have  been  taken  and  initial  calculations  have  been  made. 

At  this  stage  of  the  program  it  appears  that  techniques  developed  in  the 
study  of  one-dimensional  unsteady  gas  dynamics  are  applicable  to  the  problem 
at  hand. 

The  most  important  practical  result  of  the  first  phase  program  was  the 
development  of  full  scale  augmenters  of  a  divergent  type  which  are  shown  to 
be  quite  superior  to  cylindrical  augmenters  (Ref.  U).  The  performance  of 
these  augmenters  is  shown  in  Figure  2.  With  the  models  of  the  augmenters 
a  basic  U-shaped  valveless  combustor  is  shown  in  Figures  3  and  U.  The  cut¬ 
away  of  Figure  U  emphasizes  the  great  simplicity  of  the  valveless  engine 
system  which  has  been  named  the  Pulse  Reactor.  As  a  result  of  this  develop¬ 
ment,  the  Pulse  Reactor  has  achieved  performance  which  is  competitive  with 
that  of  turbojet  engines  as  far  as  static  performance  is  concerned.  In  other 

*and  behind  it. 
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words,  a  thrust  specific  fuel  consumption  of  better  than  one  pound  of  fuel 
per  pound  of  thrust  per  hour  has  been  achieved  (Fig.  7)  with  the  immediate 
promise  of  a  thrust-to-weight  ratio  of  10  to  1,  and  a  likelihood  of  consid¬ 
erable  improvement  beyond  that  value. 

It  has  also  been  demonstrated  that  the  Pulse  Reactor  lift-propulsion 
system  has  uniquely  favorable  characteristics  due  to  its  novel  cycle  when 
operated  near  the  surface  over  unprepared  terrain.  The  effect  of  the  thrust 
augmenters  is  to  reduce  the  dovnwash  temperature  to  only  about  200°F  and  down 
wash  velocity  to  less  than  200  ft/sec  at  a  distance  of  seven  tailpipe  exit 
diameters,  as  compared  to  7E>0°F  and  1000  ft/sec  for  a  typical  turbojet  engine 

Whereas  the  gas  turbine  engine  is  quite  susceptible  to  damage  from  in¬ 
gestion  of  the  foreign  particles  that  are  stirred  up  by  the  jet  downwash,  the 
Pulse  Reactor  is  not.  First,  there  are  no  moving  parts  in  the  Pulse  Reactor 
to  be  damaged  by  the  foreign  particles.  Second,  it  has  been  demonstrated, 
as  indicated  in  Figure  8,  that  the  Pulse  Reactor  engine  rejects  particles 
that  are  significantly  heavier  than  air.  Instead  of  being  sucked  into  the 
engine,  the  particles  are  swept  away  by  the  jet  efflux  before  they  can  be 
sucked  into  the  engine  inlet. 


3.  EXPERIMENTAL  RESEARCH 


3.1  Flow  Vioualization 

The  basic  high  speed  schlieren  photographic  system  is  shown  in  Figure  5a 
This  system  has  been  modified  with  the  addition  of  a  color  schlieren  system  (Fig. 5b) 
which  greatly  improves  the  visualization  of  the  hot  jet  efflux.  The  main 
problem  so  far  with  the  system  has  been  concerned  with  the  reduction  in  trans¬ 
mitted  light  due  to  the  color  filters.  The  light  intensity  is  somewhat  mar¬ 
ginal  at  the  highest  speed  of  7500  frames  per  second.  An  improved  light 
source  has  been  installed,  although  it  is  basically  a  tungsten  filament  as 
was  the  previous  light  source.  Consideration  has  been  given  to  the  use  of 
a  zirconium  filament  lamp.  The  use  of  flat  walls  of  high  quality  glass  has 
permitted  detailed  study  of  the  flow  inside  of  the  augmenters.  Some  of  the 
results  are  shown  in  Figure  9,  which  is  made  up  a  series  of  random  shots  us¬ 
ing  the  flash  photographic  setup.  High  speed  movies  of  the  intermittent  jet 
cycle,  showing  the  jet  passing  from  the  tailpipe  into  the  open  air,  are  sketched 
in  Figure  13.  These  sketches  reveal  the  typical  club  shape  of  the  jet  and  re¬ 
veal  the  fact  that  it  tends  to  expand  to  about  2-1/2  times  the  size  of  the  tail 
pipe,  then  remains  fairly  constant  as  it  sweeps  across  the  schlieren  mirror. 

In  Figure  lUa  an  intermittent  jet  thrust  augraenter  test  setup  is  shown 
in  which  the  forward  and  rear  walls  of  the  augraenter  are  made  up  of  glass 
plates.  High  speed  motion  pictures  of  this  test  setup  are  shown  in  Figure  lbb. 

The  16  mm  movies  have  been  enlarged  and  traced  for  clarity.  Here  it  can  be 
seen  how  ambient  air  is  caught  between  the  slugs  of  the  primary  jet  within  the 
augmenter,  and  that  it  appears  to  be  compressed  between  the  face  of  the  current 
jet  and  the  rear  of  the  preceding  slug  of  primary  jet  fluid. 

On  picture  21  of  the  jet  cycle  is  shown  a  flash  mark.  This  mark  repre¬ 
sents  the  start  of  a  pressure  trace  which  was  displayed  on  an  oscilloscope  and 
redrawn  on  Figure  lUc.  The  display  of  a  pressure  trace  taken  simultaneously 
with  the  high  speed  movies  which  reveal  motion  of  the  intermittent  jet  was  made 
possible  by  the  test  setup  shown  in  Figures  6a  and  6b.  If  the  high  speed  mo¬ 
tion  picture  camera  had  been  of  a  type  which  permits  display  of  pressure  sig¬ 
nals  on  the  edge  of  the  high  speed  motion  picture  frame,  the  problem  would 
have  been  simplified.  Lacking  this  type  of  equipment,  the  following  setup 
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was  used:  A  time  delay  unit  was  used  to  allow  sufficient  time  for  the 
high  speed  camera  to  get  up  to  its  maximum  speed.  After  about  O.k  of  a 
second,  the  time  delay  unit  triggered  the  switch  to  discharge  the  flash 
light  which  showed  up  on  movie  frame  21  of  the  cycle,  aid  at  the  same 
instant  closed  a  switch  between  the  high  speed  pressure  gage  mounted  in 
the  augmenter  throat  and  the  external  sweep  trigger  of  the  oscilloscope. 
The  oscilloscope  was  provided  with  an  ,rend  of  sweep  lock-out",  which 
means  that  only  one  sweep  of  the  oscilloscope  beam  was  made  across  the 
face  of  the  1  scope  to  expose  the  film  in  the  Polaroid  oscilloscope  camera. 

3.2  Jet  Interface  Velocity  Me-  ements 

The  addition  of  a  timing  lib/xt  generator  to  the  high  speed  motion 
picture  camera  has  permitted  frame-to-frame  analysis  of  the  velocity  of 
the  interface  between  the  hot  jet  and  the  cold  air  in  the  augmenter,  and 
has  resulted  in  the  information  shown  in  Figures  13,  li;,  15,  16  and  17. 

The  interface  velocities  were  first  calculated  from  a  study  of  Figures 
13  and  llj.  Rather  sharp  differences  in  velocity  from  frame  to  frame 
proved  the  inaccuracy  of  determining  interface  velocity  by  this  method. 

The  camera  was  then  modified  for  streak  photography  by  removing  the 
gearing  mechanism  for  the  revolving  prism.  The  schlieren  mirror  was 
masked  down  to  a  1"  wide  strip  running  axially  from  the  tailpipe  through 
the  augmenter.  Figure  16b  is  a  sketch  of  a  typical  streak  photograph  of 
the  augmented  dynajet. 

Jet  interface  velocity  calculations  were  made  by  determining  the 
film  speed  from  the  timing  light  marks  and  measuring  the  slope  of  the 
streak. 

Interface  velocities  for  the  Tigerjet  and  Dynajet,  augmented  and 
unaugmented  are  shown  in  Figures  15  and  16. 

When  the  color  system  was  used  for  streak  photography,  improved  vis¬ 
ualization  was  achieved.  Also,  steep  streaks  were  observed  which  pre¬ 
ceded  the  jet  interface.  These  streaks  are  at  angles  which  indicate 
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acoustic  velocities  and  are  presumedly  caused  by  pressure  waves.  The 
sensitivity  required  of  the  color  schlieren  system  to  photographically 
record  pressure  waves  is  attributed  to  three  factors:  first,  the  fila¬ 
ment  light  source  is  reflected  onto  the  center  color  band  of  the  filter 
and  is  transmitted  through  to  the  film  plane  rather  than  being  blocked 
by  the  edge  of  the  prism  (as  in  the  black  and  white  schlieren  system). 
Therefore,  very  small  temperature  gradients  will  show  up  in  the  film 
plane  as  variations  in  intensity  of  the  center  color  or  background  color. 
Second,  the  center  or  background  color  band  may  be  made  as  narrow  as  is 
just  required  to  hold  the  width  of  the  filament  image  when  focused  upon 
it.  The  neighboring  color  bands  will  then  transmit  light  refracted  only 
a  minute  amount  by  the  jet  gases.  Third,  the  multicolored  photograph 
offered  by  the  various  color  bands  in  the  filter  presents  a  greater 
contrast  than  the  variation  in  grays  and  light  intensity  offered  by 
the  black  and  white  system. 

Four  3^rrim.  duplicate  slides  are  presented  in  Figure  27  with  their 
descriptions.  These  slides  were  constructed  from  strips  of  16mm.  high¬ 
speed  color  schlieren  motion  pictures. 

3*3  "Instantaneous"  Pressure  Measurements  (Fig.  lUb,  picture  21  and  Fig.  lUc) 

The  problem  of  taking  instantaneous  pressure  measurements  simultaneously 
with  motion  pictures  which  show  the  motion  of  the  jet  interface  was  dis¬ 
cussed  in  Section  3.1.  Motion  pictures  were  taken  in  which  the  high  speed 
movie  camera  was  used  with  black  and  white  schlieren,  that  is,  with  knife- 
edge  focus,  and  these  motion  pictures  were  keyed  to  simultaneous  high¬ 
speed  pressure  measurements  in  the  augmenter  throat  as  indicated  in  Figure 
6  and  Table  No.  1.  Much  effort  has  been  required  to  get  this  type  of  data. 

It  is  evident  that  there  is  a  serious  need  for  simultaneous  pressure  measure¬ 
ments  in  at  least  two  positions  in  the  thrust  augmenter.  Some  effort  will 
also  be  made  to  correlate  the  unsteady  pressure  measurements  with  average 
readings  taken  with  U-tube  manometers.  The  initial  high  speed  pressure 
data  has,  however,  served  to  support  the  idea  that  the  energy  transfer  from 
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Table  No.  1 


PRESSURE  VARIATIONS  IN  AUCKENTER  THROAT 


Picture  Sequence 
Number 

Time  -  Seconds 

Instantaneous 
Pressure  -  Psig 

21 

0 

-2.3 

22 

.0001333 

-1.1 

23 

.0002666 

+  .2 

2k 

.0003999 

+1.5 

25 

.0005332 

+2.5 

26 

.0006065 

+  .6 

27 

.0007998 

-1.1 

28 

.0009331 

-  .3 

29 

. 001066k 

+  .6 

30 

.0011997 

+1.5 

31 

.0013330 

+  .5 

32 

.001U663 

-1.2 

33 

.0015996 

-  .u 

3U 

.0017329 

+  .5 

35 

.0018662 

-2.3 

36 

.0019995 

-2.1 

37 

.0021328 

-1.0 

38  (1)* 

.0022661 

+  .8  (♦  .8) 

39  (2) 

.002399k 

+2.0  (+2.0) 

kO  (3) 

.0025327 

+2.6  (+2.6) 

(t) 

.0026660 

(+2.0) 

(5) 

.0027993 

(-1.0) 

(6) 

.0029326 

(-  .5) 

(7) 

.0030659 

(+1.0) 

(8) 

.0031992 

(+  .8) 

(9) 

.0033325 

(-  .9) 

(10) 

•003U658 

(-  .1) 

(11) 

.0035991 

(+  .5) 

(12) 

.003732k 

(-  .5) 

(13) 

.0038657 

(-3.3) 

(1U) 

.0039990 

(-1.8) 

(15) 

.OOkl323 

(-  .2) 

(16) 

.00k2656 

(+3.0) 

(17) 

.00k3989 

(+2.0) 

(18) 

.OOk5322 

(+1.0) 

*Numbers  in  brackets  refer  to  earlier  picture  sequences  believed 
to  be  typical,  so  are  used  to  compare  with  the  continuing  pressure 
data  from  Figure  lkc. 
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the  primary  jet  to  the  secondary  fluid  does  occur  by  means  of  compression 
and  expansion  waves  that  pass  back  and  forth  through  the  thrust  augmenter, 
as  discussed  in  Section  5. 

3*U  Average  Flow  Rate  Measurement 

The  flow  box  test  set-up,  shown  in  Figures  11a,  b,  c  and  d,  provides 
measurement  of  rate  of  flow  through  intermittent  jet  thrust  augmenters 
for  the  first  time.  As  a  matter  of  fact,  the  writer  is  aware  of  only  two 
references  in  the  literature  that  report  the  measurement  of  flow  through 
the  basic  pulse  jet  engines  (References  13  and  lli). 

Measurement  is  difficult  because  of  the  intermittent  nature  of  the 
flow.  Ordinary  flow  measurement  devices  such  as  sharp-edged  orifices  and 
flow  nozzles  are  inaccurate  when  the  flow  is  not  steady.  A  satisfactory 
technique  is  to  measure  the  highly  unsteady  flow  as  follows:  An  air-tight 
flow-box  is  used  and  the  inflow  to  this  box  is  measured  with  a  Meriam 
laminar  flow  element.  This  flow  measuring  device  depends  on  the  fact  that 
when  flow  is  laminar  (Reynolds  No.  less  than  2000),  the  relationship  be¬ 
tween  pressure  drop  and  flow  rate  is  linear;  therefore,  the  average  measure¬ 
ments  of  the  unsteady  flow  are  accurate  values. 

A  comparison  of  the  pumping  capacity  of  cylindrical  and  divergent  thrust 
augmenters  is  given  in  Figure  2lt*.  Here  the  weight  flow  rate  is  plotted 
versus  the  length- to-diameter  ratio  of  the  augmenter.  It  is  shown  that  the 
8°  divergent  augmenter  is  superior  to  the  cylindrical  augmenter  as  a  jet 
pump,  as  well  as  a  thrust  augnenter. 

To  eliminate  the  slight  vacuum  created  in  the  flow  box  by  the  pressure 
drop  through  the  flow  meter,  a  blower  was  installed.  Figure  2[(b  compares 
the  pumping  rates  with  an  8°  divergent  augmenter  for  flow  box  pressures  of 
atmospheric  and  below  atmospheric  (pumping  against  a  head).  Figure  2ltc 
shows  the  flow  rate  augmentation  ratio  of  the  8°  divergent  augmenter. 


8 


3.5  Temperature  Measurement  of  Unsteady  Gas  Flow 

Techniques  using  an  ultrasonic  thermometer  are  being  evaluated  in 
connection  with  the  schlieren  system.  The  system  works  as  follows:  A  piezo¬ 
electric  crystal  (quartz,  X-cut)  is  placed  in  the  side  wall  of  the  thrust 
augmenter.  An  ultrasonic  disturbance  is  supposed  to  be  made  visible  with 
the  schlieren  photographic  setup,  and  therefore  the  wave  length  should  be 
measurable  from  photographs.  This  technique  has  been  demonstrated  in  con¬ 
nection  with  shock  tube  work  and  is  described  in  Reference  9.  Knowing  the 
crystal  frequency  and  measuring  the  wave  length  then  permits  the  direct  cal¬ 
culation  of  the  velocity  of  the  disturbance;  that  is,  the  speed  of  sound  from 
which  can  be  calculated  the  instantaneous  gas  temperature  as  follows: 

Speed  of  sound,  a  -  U9.lVT~  where  T  is  absolute  temperature 

in  degrees  Rankine. 

The  ultrasonic  thermometer  provides  the  instantaneous  gas  temperature 
at  one  station.  This  information  is,  of  course,  important;  but  the  combina¬ 
tion  of  the  ultrasonic  thermometer  with  the  color  schlieren  system  is  even 
more  important  because  it  may  permit  the  calibrating  of  the  color  schlieren 
system  at  the  station  where  the  piezo-electric  crystal  is  located.  Then  the 
color  schlieren  system  will  provide  a  continuous  map  of  temperature  distribu¬ 
tion  for  the  entire  region  throughout  the  interior  of  the  augmenter.  Thus  far 
in  our  program  we  have  not  yet  been  able  to  observe  the  ultrasonic  disturbance. 
The  oscillator  which  drove  the  piezo-electric  crystal  was  damaged  in  the  fire 
previously  mentioned,  which  has  delayed  further  tests. 

3.6  Devices  for  Creating  Intermittent  Jets 
3.6.1  Valved  Pulse jets 

Most  testing  has  been  conducted  with  small  valved  pulsejets  in  order  to 
tie  in  with  the  considerable  amount  of  previous  data  from  Phase  I  and  with 
data  reported  by  other  investigators  using  the  same  engines  (e.g.,  Ref.  l£). 
Dynajet  engines  and  a  small  Japanese  copy,  called  the  Tiger-Jet,  are  being 
used. 
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3*6.2  Valreless  Pulsejets 


Use  of  the  valveless  pulse Jets  has  been  postponed  in  order  to  take 
advantage  of  the  development  and  construction  of  very  small  engines  underway 
on  other  projects,  thus  saving  this  project  money.  The  Jets  must  be  very 
small  because  of  the  limited  size  of  the  schlieren  photographic  equipment. 

3.6.3  Piston-in- Tube  Mechanically  Driven 

As  described  in  ARD-238,  the  pis ton- in- tube  device  was  not  very  success¬ 
ful  because  it  provided  only  very  small  thrusts  at  frequencies  of  less  than 
5  cycles  per  second.  Above  this  frequency  the  thrust  was  too  small  to  mea¬ 
sure  accurately.  The  limitation  seems  to  be  concerned  with  the  problem  of 
refilling  the  tube  from  the  tail  end.  When  used  in  water,  too  rapid  piston 
motion  during  refill  causes  cavitation. 

The  piston-in-tube  device  has  since  been  improved  over  that  previously 
described  by  using  a  cam  shape  (Figure  10)  which  permits  refill  time  in  the 
tube  5  times  greater  than  the  efflux  time.  That  is,  the  piston  in  motion 
for  inflow  has  only  1/5  of  the  maximum  velocity  of  the  piston  in  motion  dur¬ 
ing  efflux.  The  piston-in-tube  device,  however,  still  seems  limited  to  about 
10  cycles  per  second  for  production  of  moderate  Jet  thrust,  and  it  does  not 
seem  to  be  nearly  as  good  a  method  for  creating  intermittent  Jets  as  that  de¬ 
scribed  in  the  following  section. 

3.6.U  Converter  from  Steady  Flow  to  Intermittent  Without  Creating  Upstream 

Disturbances 

Preliminary  hardware  has  been  completed  and  initial  checkout  tests  are 
encouraging  with  a  device  to  convert  steady  flow  to  intermittent  flow  without 
causing  upstream  disturbance.  This  device  is  shown  in  Figures  19,  20  and  21. 
Upstream  disturbance  is  prevented  because  the  upstream  flow  always  "sees" 
fully  open  discharge  ports.  This  is  achieved  by  having  one  set  of  ports 
opening  while  the  other  set  of  ports  are  closing. 

Downstream  of  the  interrupter  ports,  however,  the  flow  is  strongly  inter¬ 
mittent.  Sudden  closure  of  the  inlet  ports  causes  a  sudden  pressure  drop  to 
occur  at  the  upstream  end  of  the  discharge  tubes  creating  a  rarefaction  wave 
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which  travels  down  the  tube  to  the  open  end  where  it  is  reflected  as  a 
compression  wave  which,  in  turn,  travels  back  upstream  to  the  port. 

When  the  rarefaction  wave  is  reflected  from  the  open  end  of  the  tube,  it 
induces  flow  back  into  the  tube  in  the  same  manner  as  flow  reverses  back 
into  a  pulsejet  tailpipe,  so  it  1s  then  possible  to  take  advantage  of  the 
high  thrust  augmentation  available  with  intermittent  jet  flow.  The  hope, 
of  course,  is  that  such  a  device  might  be  able  to  double  the  thrust  of  a 
steady  flow  engine  such  as  a  turbojet.  Flow  rate  measurements,  thrust 
augmentation  and  flow  visualization  tests  are  planned. 
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4.  EQUIPMENT 


The  items  of  equipment  used  in  the  Phase  I  program  are  listed  in 
Section  3.U  of  Report  ARD-238  (Ref.  3).  Several  new  items  of  equipment 
have  been  added  during  the  Phase  II  program.  Host  of  these  items  are 
shown  in  Figures  6  (listed  in  6c)  10,  11,  18,  19,  20,  21  and  22. 

li.l  Simultaneous  Multiple  Channel  Electronic  Switch 

Ordinary  switch  means  were  inadequate  for  closing  several  channels 
simultaneously.  Therefore,  a  special  electronic  switch  was  designed  for 
the  purpose.  The  functional  block  diagram  is  shown  in  Figure  25.  The 
high-speed  mercury  arc  lamp  (BH-6)  is  flashed  to  appear  on  the  high¬ 
speed  motion  picture  film.  The  light  which  exposes  the  film  also  shines 
on  a  silicon  solar  cell,  which,  in  turn  operates  a  Schmidt  trigger,  and 
activates  a  delay  circuit  (of  approximately  l50yUsec.)  in  the  electronic 
switch.  At  the  same  time  that  the  delay  circuit  is  activated,  a  negative 
pulse  is  directed  to  the  oscilloscope  and  the  horizontal  sweep  is 
triggered.  This  establishes  four  short  horizontal  lines  that  represent 
the  neutral  or  reference  lines  for  the  high-speed  pressure  traces. 

Following  the  time  delay,  the  four  circuits  from  the  high-speed  pres¬ 
sure  transducers  are  closed  and  the  pressure  traces  are  displayed  on 
the  oscilloscope.  The  traces  are  prevented  from  repeating  by  use  of 
an  "end  of  sweep  lockout"  feature  on  the  oscilloscope.  The  circuit  diag¬ 
ram  for  the  simultaneous  closing  multiple  channel  electronic  switch  is 
shown  in  Figure  26. 

In  the  next  phase  of  this  program  it  is  planned  to  procure  the  fol¬ 
lowing  equipment  to  satisfactorily  record  as  many  as  four  high-speed 
pressure  traces  and  to  synchronize  these  traces  with  high-speed  motion 
pictures  of  the  jet  interface: 

Tektronix  Dual-beam  oscilloscope  type  502  (200^uvolt/cm) 

Tektronix  Dual-Trace  plug-in  units,  type  C-A  (electronic  switches) 

Tektronix  Power  Supply,  type  127 

Kistler  Miniature  pressure  pickups.  Model  No.  601  (piezo-electric  type) 

Kistler  Electrostatic  Charge  Amplifiers,  Model  56$. 
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5.  ANALYSIS  OF  MECHANISM  OF  ENERGY  TRANSFER  FROM  INTERMITTENT  PRIMARY 
JET  TO  SECONDARY  FLUID  IN  EJECTOR  TYPE  THRUST  AUGMENTER 


An  attempt  to  explain  the  action  of  the  intermittent  jet  device  will 
be  made  by  postulating  that  when  the  intermittent  jet  with  the  ring  vortex 
that  develops  at  its  head  (Figures  1  and  9)  enters  the  thrust  augmenter 
throat,  the  interface  between  the  head  of  the  jet  and  the  ambient  air  in 
the  augmener  acts  as  a  contact  discontinuity  which  is  immediately  fol¬ 
lowed  by  an  expansion  wave  (Q-wave)  which  causes  an  immediate  pressure 
drop  in  the  throat  of  the  augmenter  in  the  cool  gases  surrounding  the  hot 
jet  core,  and,  accordingly,  inflow  (with  its  associated  pressure  drop) 
begins  around  the  lip  of  the  augmenter. 

It  was  previously  postulated  that  in  the  case  of  the  divergent  aug¬ 
menter,  the  thrust  due  to  pressure  drop  on  the  augmenter  lip  flare  was  re¬ 
inforced  by  the  effect  of  the  compression  wave  (P-wave)  which  precedes  the 
interface  and  thereby  causes  a  pressure  build-up  on  the  divergent  augmenter 
walls  downstream  of  the  throat.  This  would  then  explain  the  superior  thrust 
augmentation  of  the  divergent  augmenter  compared  to  the  cylindrical  aug¬ 
menter.  However,  average  static  pressure  readings  taken  along  the  walls  of 
the  divergent  augmenter  are  below  atmospheric  pressure.  This  suggests  that 
superior  thrust  in  the  case  of  the  divergent  augmenter  must  then  be  at¬ 
tributed  to  increased  pressure  drop  on  the  lip  flare. 

It  is  further  known  that  both  expansion  and  compression  waves  tend  to 
reflect  from  the  open  ends  of  tubes  as  waves  of  the  opposite  kind  (i.e.,  a 
compression  wave  reflects  as  a  rarefaction  wave  aid  vice-versa).  Finally, 
it  may  be  shown  that  waves  are  partially  transmitted  and  partially  reflected 
from  a  contact  (temperature)  discontinuity,  depending  on  factors  such  as 
the  strength  of  the  waves  before  contact,  etc. 

It  is  proposed  that  the  mechanism  of  thrust  augmentation  in  question  may 
be  explained  and  described  by  the  initial  passage  of  the  pressure  and  rarefac¬ 
tion  waves  associated  with  the  travel  of  an  interface  between  the  head  of  the 
intermittent  jet  and  the  secondary  fluid  in  the  thrust  augmenter,  and  the  re¬ 
flection  of  these  waves  from  open  ends  of  the  augmenter  and  the  reflection 
from  and  transmission  of  the  waves  through  the  interface  (or  contact  discon¬ 
tinuity).  Details  of  these  actions  are  described  in  the  following  sections. 
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5.1  Comparison  of  Iaantropic  Wave  and  Steady  Flow  Processes 

v 

It  is  important,  and  it  may  be  surprising  to  some,  to  note  in  Figure  23 
how  much  greater  is  the  pressure  rise  and  how  much  lower  is  the  pressure  drop 
caused  by  the  passage  of  isentropic  compression  and  expansion  waves,  respec¬ 
tively,  than  can  be  achieved  by  steady  flow  isentropic  processes  for  the  same 
fluid  particle  velocities.  This  may  well  explain  the  high  performance  of 
properly  designed  intermittent  jet  thrust  augmenters  of  the  ejector  type. 

Table  I,  page  6,  is  a  compilation  of  time  and  pressure  data  from  Figure 
lUc  keyed  to  the  picture  sequences  of  Figure  lUb.  The  general  pattern  of 
pressure  changes  appears  to  fit  a  pattern  of  the  passage  of  a  coiqpression 
wave  that  is  reflected  once  as  a  rarefaction  wave  from  the  downstream  end  of 
the  augmenter  with  three  reflections  of  the  imtial  rarefaction  wave  passing 
the  pressure  gage  in  the  augmenter  throat  during  the  same  period.  It  is  as¬ 
sumed  that  the  rarefaction  wave  that  follows  the  interface  between  the  inter¬ 
mittent  jet  and  ambient  air  is  reflected  from  the  inlet  as  a  compression  wave 
and  partly  reflected  and  partly  transmitted  from  the  traveling  interface.  The 
second  strong  compression  wave  shown  during  the  cycle  may  well  represent  the 
passage  of  the  leading  compression  wave  reflected  from  the  outlet  as  a  rare¬ 
faction  wave  and  later  from  the  inlet  as  a  compression  wave  reinforced  by  the 
simultaneous  passage  of  a  reflection  of  the  trailing  rarefaction  wave  also  as 
a  compression  wave .  However,  there  is  as  yet  far  too  little  instantaneous 
pressure  data  on  which  to  base  any  positive  conclusions.  It  will  be  neces¬ 
sary  to  take  repeated  pressure  readings  simultaneously  at  a  minimum  of  two 
stations  near  the  ends  of  the  augmenter  before  the  motion  and  magnitude  of 
the  waves  can  be  determined  more  precisely. 

At  this  stage  of  the  investigation  the  action  of  the  intermittent  jet 
seems  to  create  pressure  rises  and  pressure  reductions  in  the  augmenter  that 
lie  between  what  might  be  expected  from  the  motion  of  a  solid  piston,  as  illus¬ 
trated  in  Figure  23,  and  the  motion  of  a  temperature  discontinuity  as  discussed 
by  Rudinger  (Ref.  5,  pg.  87)  and  Shapiro  (Ref.  11,  pg.  969).  The  fact  that  a 
ring  vortex  tends  to  be  formed  by  the  intermittent  jet  prior  to  its  entry  into 
the  augmenter  seems  to  change  the  situation  from  that  of  a  simple  temperature 
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discontinuity,  and  it  is  suspected  that  it  may  be  the  source  of  a  greater 
pressure  drop  in  the  throat  of  the  augmenter  than  would  be  caused  by  a  planar 
temperature  discontinuity. 


5.2  Mathematical  Expressions 

The  mathematical  derivations  of  equations  that  describe  such  unsteady 
gas  flow  will  not,  in  general,  be  repeated  here  since  they  are  to  be  found 
in  several  textbooks,  such  as  References  5,  6  and  11,  which  have  extensive 
sections  devoted  to  the  theory  of  unsteady  gas  dynamics  based  on  quasi-one- 
dimensional  theory;  but  the  important  results  will  be  stated  for  the  conven¬ 
ience  of  the  reader. 


This  theory  is  restricted  to  those  gas  flow  problems  in  which  the  vel¬ 
ocity  and  the  thermodynamic  state  of  the  gas  depend  to  a  sufficient  closeness 
of  approximation  on  only  one  space  coordinate,  x,  and  the  time,  t.  According 
to  Rudinger  (Ref.  5),  this  strictly  limits  it  to  situations  in  which  the  cross- 
sectional  dimensions  of  the  duct  can  be  considered  small  compared  to  the  length 
of  the  duct  and  the  flow  properties  must  be  uniform  across  the  duct.  These 
limiting  assumptions  obviously  do  not  apply  in  the  case  at  hand,  but  it  is  be¬ 
lieved  that  the  analysis  is  still  useful  for  the  case  of  the  short  thrust  aug¬ 
menter.  The  analyses  result  in  the  following  important  equations  (Ref.  11): 

Euler's  equation  for  unsteady  motion:  -  i  ♦  u  (5.1) 

Definition  of  velocity  potential,  ^(x,t):  u  -  (5.2) 


Isentropic  relations: 


or 


p/p  ■  constant;  p/pT  ■  constant; 
a  -  VkRT  where  k  -  y  *  cj/cv  (5.3) 


dp  1  dp  1  dT  2  da 

p  lc  P  "  iTTT  T  “  in  T 


(5.U) 


The  dependent  state  variables,  particle  velocity  (u)  and  velocity  of 
sound  (a),  may  be  expressed  as  functions  of  the  independent  space  variables 
x  and  t  with  the  following  isentropic  relations: 


-i5. 


k-1 

3F 


tm  V?” '  (£)  ■  (£) 


k-l 

\~2~ 


(5.Ua) 


Next,  the  basic  equations  of  continuity,  motion  and  state  (not  repeated 
here)  are  expressed  in  terms  of  a  and  entropy,  s,  in  place  of  p,  p  and  T;  the 
assumption  is  made  that  cy  and  c^  are  constant  (i.e.,  independent  of  tempera¬ 
ture),  and  then  by  a  transformation  introduced  by  Riemann,  the  following  is 
finally  obtained:  (Ref.  6) 


and  j^-{na-u)  +  (u-a)  ^  (na-u)+ua 


d  inA 
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ar  bs 
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,  bs 
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(5.5a) 

dx 

"  w  ZZ  " 
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d  JlnA 
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bs  \ 
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(5.5b) 

dx 

*  rR  dx  ~ 

I 

w +  u  bt) 

A  great  simplification  is  then  made  by  restricting  consideration  to 
the  isentropic  case  and  constant  area,  in  which  case  the  partial  differential 
equations  reduce  to  the  first  two  terms.  Then,  the  following  important  defin¬ 
itions  are  given  by  Kantrowitz  (Ref.  6): 


na  +  u 


and 


na  -  u 


However,  other  authors,  such  as  Rudinger,  find  it  desirable  to  make  the  sub¬ 
stitution  n  -  2/y-1  . 


So 


a  +  u 


and 


Q  - 


a  -  u 


(5.6) 


The  preceding  equations  become: 


5T  +  (u*  a) 


and 


ap 


bx 

ap 


dp-Hdx+3TTdt 


and 


and 


8* 

d«  '!i!d**5Tdt 


(5.6a) 

(5.6b) 


The  solutions  of  these  non-linear  equations  correspond  to  the  propagation  of 
waves  in  which  a  continuous  change  of  shape  occurs.  However,  if  one  consid¬ 
ers  a  point  moving  with  the  velocity  u  +  a,  then  dx/dt  is  u  +  a,  and  the  in¬ 
crement  in  P  vanishes,  so  P  is  invariant  and  Q  also  in  like  manner. 
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Hie  utility  of  the  quantities  P  and  Q  (which  are  sometimes  called 
Riemann  invariants)  lies  in  the  fact  (as  stated  by  Kantrowitz)  that  they 
represent  the  disturbances  moving  in  the  positive  and  negative  x  directions 
even  in  an  arbitrary  non-simple  wave  case.  Thus,  quite  generally,  P  and  Q 
are  propagated  unchanged;  but  this  is  not  true  for  flow  velocity,  u,  and 
speed  of  sound,  a,  oxcept  for  the  case  of  a  simple  wave  of  very  small  ampli¬ 
tude  (acoustic  wave),  where  the  equations  reduce  to: 


b? 

S7 


+  a 


iP 
o  ix 


0 


and 


_  .  hQ 

3T  ao  Jx 


0 


(5. 


7) 


The  preceding  non-linear  equations  (5.6a  and  5.6b)  then  apply  to  the  case  of 
isentropic  waves  of  large  amplitude,  but  the  invariance  of  P  and  Q  makes  for 
a  convenient  treatment  of  the  wave  propagation  problems  by  plotting  x  as 
abscissa  and  t  as  ordinate  on  an  x,t  diagram,  where  curves  with  the  slope 
dt/dx  ■  l/(u+  a)  connect  points  where  P  ■  constant.  Still  following  Kantro¬ 
witz,  these  lines  are  called  P-waves,  and  in  a  similar  fashion  Q-waves  are 
represented  by  lines  of  constant  Q,  which  have  a  slope  of  l/(u-  a).  Also 
notice  that 

u  +  a  -  |  (1  ♦  i  )  -  |  (1-n)  (5.8a) 

u-a  "  |  (1  -  K  )  -  I  (1  +  n)  (5*8b) 

The  foregoing  relationships  permit  making  graphical  solutions  of  the  non-lin¬ 
ear  partial  differential  equations,  which  describe  waves  of  large  amplitude. 


Of  the  several  references  cited,  Shapiro  seems  to  present  the  most  com¬ 
plete  and  versatile  analytical-graphical  techniques  because  of  his  concurrent 

use  of  3  planes:  the  physical  plane  (plots  of  c  t/L  vs.  x/L)  previously  de- 

°  2 

scribed,  the  state  plane  (c/cQ  vs.  u/cQ),  and  the  hodograph  plane  (^/cq  vs. 
u/c  where  is  the  velocity  potential  u  *=  brf/bx  m  d  ),  and  the  convenient 

O  X 

inter-relations  that  exist  between  them. 


For  example,  Shapiro  takes  note  that  there  exist  reciprocal  orthogonal 
relationships  between  the  physical  and  hodograph  planes  which  require  that 
the  physical  characteristics  be  normal  to  the  hodograph  characteristics  of 
the  opposite  family. 
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Furthermore,  Shapiro,  pg.  938,  defines  a  set  of  characteristics  coordinate 
I  and  II  for  right- running  and  left- running  waves,  respectively  (analogous 
to  P  and  Q  used  by  Kantrowitz  and  Rudinger),  so  that 

_c_  _  I  ♦  II  1  .  _u_  _  2  I  -  II  ( 5 .11 

Co  1000  ”  ’  co  “  k  -1  1000  a,b) 

It  turns  out  that  the  characteristics  in  the  state  plane  (c/ vs.  u/c^  ■ 

^x/cq)  are  two  families  of  straight  lines  with  slopes  ±(k  -l)/2  where  k  <*  y 
■  l.U  for  air. 

Thus,  one  set  of  curves  serves  for  all  cases  for  constant  k  ;  i.e., 

Shapiro's  Fig.  2U.1  shows  the  state  characteristics  for  k  =  l.U.  Having  the 

state  characteristics  makes  it  easier  to  find  the  hodograph  characteristics 

and  the  physical  plane  characteristics.  As  in  the  case  of  the  state  charac- 

2 

teristics,  a  single  chart  of  rf./c  vs.  u/c  ,  consisting  of  a  double  family 

z  o  o 

of  parabolas  instead  of  straight  lines,  serves  to  portray  all  the  hodograph 
characteristics  for  a  given  value  of  k  (see  Fig.  2U.2  of  Shapiro  for  the  plot 
of  k  »  l.U).  Shapiro  demonstrates  the  convenient  graphical  inter-relationships 
between  the  three  planes  in  his  Fig.  2U.3  and  other  examples. 

Shapiro  also  presents  a  purely  numerical  procedure  of  stepwise  integra¬ 
tion  of  the  partial  differential  equations  of  the  characteristics  by  the  method 
of  finite  differences.  This  approach  is  necessary  where  great  accuracy  is  re¬ 
quired,  but  it  does  not  reveal  the  physical  features  of  a  process  as  do  the 
graphical  representations. 

5.3  Inflow  Through  the  Flared  Open  End  of  a  Duct 

Properly  flaring  the  open  end  of  a  duct  permits  inflow  to  occur  as  an 
isentropic  process.  It  is  interesting  to  again  compare  the  difference  between 
the  pressure  drop  at  the  throat,  i,  (section  of  minimum  area)  of  the  inlet 
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with  a  steady  flow  isentrcpic  process  as  compared  to  a  simple  isentropic 
wave  process.  The  equations  and  associated  curves  are  shown  on  Figure  23. 
The  pressure  reduction  is  shown  to  be  much  less  for  the  steady  flow  process 
for  comparable  velocities. 


The  next  problem  is  to  relate  the  pressure  reduction  achieved  by  the 
isentropic  wave  process  to  a  distribution  of  pressure  over  the  inlet.  Shapiro 
(Ref.  11,  pp.  963-961;)  treats  inflow  through  the  flared  open  end  of  a  duct 
with  a  workable  approximation  by  assuming  that  the  flow  from  the  atmosphere 
into  the  duct  can  be  considered  as  though  it  were  quasi-steady  at  each  moment 
of  time.  That  is,  he  assumes  that  «'when  the  rate  of  change  of  cross-sectional 
area  is  very  large,  the  term  iu/dt  is  negligible  compared  with  the  u  bu/6x 
in  the  Euler  equation,  and  that  similar  approximations  are  applicable  in  the 
continuity  equation."  Based  on  these  assumptions,  Shapiro  writes  the  energy 


equation  as: 


Tr  “  Ti  *  ui/2cp 


where  subscript  r  denotls  stagnation  conditions  in  the  reservoir  and  subscript 


i  denotes  the  duct  inlet  plane.  He  eliminates  T  in  favor  of  "a"  through  the 
relationship  a  «  VyRT  and  divides  by  to  obtain  dimensionless  ratios 

to  get  what  he  calls  the  equation  of  the  "steady-state  ellipse": 


The  desired  relationship,  however,  would  be  one  which  permits  determining  the 
pressure  distribution  on  the  inlet  flare  as  a  function  of  the  area  ratio  A/a^ 
where  A^  is  the  throat  or  section  of  minimum  cross-sectional  area.  In  his  sec¬ 
tion  on  the  outflow  from  a  reservoir  through  a  converging  nozzle,  Shapiro  pre¬ 
sents  an  expression  (pg.  96U)  which  gives  the  direct  isentropic  relation  be¬ 
tween  area  ratio  of  the  converging  section  and  the  velocities: 


Pe—  (5.1U) 


Then  from  the  following  isentropic  wave  relationship,  the  pressure  at  various 
area  ratios  could  be  calculated: 
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where  y  is  the  starting  condition  when  the  gas  is  initially  at  rest. 


But  since 


it  follows  that 
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so  we  substitute  and  thus  modify  Shapiro’s  expression  to  directly  express  the 
desired  relationship  between  the  area  ratio  and  the  pressure  ratio  as 
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FT 
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(5.16) 


With  preliminary  study  it  appears  that  although  this  area  ratio  expres¬ 
sion  was  derived  for  application  to  the  nozzle  outflow  condition,  it  may  be 
satisfactorily  applied  to  the  condition  of  inflow  from' static  conditions  in 
the  atmosphere .  Further  effort  will  be  devoted  to  checking  these  expressions 
to  see  how  well  they  apply.  It  is  most  important  to  continue  the  "instantan¬ 
eous"  pressure  measurements  in  conjunction  with  interface  velocity  measure¬ 
ments  in  order  to  find  out  how  different  the  actual  situation  is  from  the 
theoretical  so  that  the  latter  can  be  modified  for  a  better  fit. 


$.h  Wave  Reflection  at  a  Contact  Discontinuity 

With  the  final  fact  that  a  compression  wave  is  partially  transmitted 
and  partially  reflected  at  a  contact  (temperature)  discontinuity,  such  as  the 
interface  between  hot  and  cold  gases,  as  described  in  Shapiro,  pp.  969-971, 
and  Rudinger,  pp.  87-9U,  most  of  the  tools  for  analysis  of  the  phenomenon 
seem  to  be  at  hand. 
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It  now  remains  to  check  how  much  the  jet  piston  acts  like  a  solid 
piston  in  creating  a  compression  wave  ahead  of  it  and  a  following  rarefaction 
wave.  The  initial  pressure  readings  in  the  throat  (Fig.  lUc)  show  pressures 
considerably  lower  than  the  "solid  piston"  case. 
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COLOR  MODIFICATION  TO  SCHLIEREN 
PHOTOGRAPHIC  INSTALLATION 

FIGURE  5b 


'JGURE  6a:  INTERMITTENT  J IT  ENERGY  TRANSFER  TEST  SETUP  SHOWING  COMPONENTS  FOR  FLOW  VISUALIZATION  AND  SIMULTANEOUS 
PRESSURE,  VELOCITY,  THRUST,  AND  FLOW-RATE  MEASUREMENTS. 


FIGURE  9  SCHLIEREN  FLASH  PHOTO  SEQUENCES  OF 
BASIC  VALVED  PULSEJET  AUGMENTER  CYCLE, 
(FROM  RANDOM  SHOTS  OF  EXHAUST,) 
OPERATING  FREQUENCY  300+  C.P.S. 


CAM  SHAPES  FOR  Jtl  AND  l/l  RATIOS  OF 
PISTON  EFFLUX  TO  INFLOW  VELOCITY  • 


1.1  Cam  (Syrrun  -  One  Lobe) 

FIGURE  10 


Test  Setup  For  Air  Flow  itate  of  Pulsejet  Only 

’’Viscous ’’Flow  Motor 


«•  t*r  ’"■/  ■  fr  X< 


lor  uoril'Li'ii  1  Air  flow  ilato  of  Luloo jet  and  Thruat  Auj^nenter 

.-rnuiih:  i  n,  a  .t- .  i.jht  alow  iiox  for  measurement  of 

UNoTEADY  FLOW  i  WITH  "VINOUS"  FLOW  METER 


FIGURE  lid:  FRONT  SHE  OF  INTERMITTENT  JET  FLOW  CELL  AND  FLOW  VISUALIZATION  TESr  RIG. 

NOTE  TIMING  LIGHT  GENERATOR  AND  MOTION  PICTURE  CAMERA  CONTROL  BOX  IN  LOWER 
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FIQURE  13 


TYPICAL  CYCLE  OF  INTERMITTENT  r-TTI  IN  OPEN  AIR, 

JET  VAS  ISSUING  FROM  '-DYNA-JET"  7ALVED  PULSE JET  AT  2C3  CPS 
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FIGURE  liib:  TYPICAL  CYCLE  OF  INTERMITTENT  JET  IN  OPEN  AIR 
FROM  "DYNAJET"  VALVED  PULSE JET  AT  203  CPS. 
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FIGURE  17:  TYPICAL  CYCLE  OF  VALVED  PULSE JET  ( "TIGER- JET" )  WITH  THRUST 
AUGMENTED  16ran  SCHLIEREN  MOTION  PICTURES  ENLARGED.  NOTE 
PRONOUNCED  DARK  OUTLINE  OF  INTERFACE  BETWEEN  DRYING  JET  EFFLUX 
AND  AMBIENT  AIR  IN  TWO-DIMENSIONAL  TESTS. 
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FIGURE  18 1  WATER  TABUS  TEST  SET-UP  DEMONSTRATING  INTERMITTENT  JET  MOTION  INTO  THRUST 


Full  open  full  area 


(a. )  Photograph  showing  near  and  far  ports  full  open 


Equally  divided  full  area 


(b.)  View  showing  all  ports  half  opened 


(c.)  View  showing  porting  cycle  in  half  phase  position 
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FIGURE  21s  TEST  DEVICE  FOR  CONVERTING  STEADY  FLOW  TO  INTERMITTENT  FLOW,  WITHOUT  SEND! 
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FIGURE  2  3.  COMPARISON  OF  LSENTROPIC  WAVE  AND 
STEADY  FLOW  PROCESSES 


COMPARISON  OP  PUMPING  RATE  OF  CYLINDRICAL  AND 
DIVERGENT  INTERMITTENT  JET  THRUST  AUGMENTERS 

(Primary  Jet  -  Dynajet) 


AUG  MEN TER  LENGTH  TO  DIAMETER  RATIO,  L/D 


FIGURE  2Uol 


PUMPING  RATE  OF  8°  DIVERGENT  INTERMITTENT  JET  THRUST 
AUGMENTER  OF  2"  MINIMUM  DIAMETER  AS  A  FUNCTION  OF  LENGTH 


FIGURE  2iib 


PUMPING  AUGMENTATION  RATIO  OF  8°  DIVERGENT 
AUGMENT ER  AS  A  FUNCTION  OF  AUGMENTER  LENGTH 


Primary  Jet  -  Tigerjet 
Flow  Rate  Through  Unaugmented 
Pulsejet  "  ,021  lb. /sec. 
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AUGMENTER  LENGTH  TO  MINIMUM  DIAMETER  RATIO,  L/D 


FIGURE  2kc 


Box  Vacuum,  "Ho0 


KANN3L  1  TRANSISTOR  - Signal  Output 
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ELECTRONIC  MULTIPLE  CHANNEL  SIMULTANEOUS  SWITCH 
FUNCTIONAL  BLOCH  DIAGRAM 


FIGURE  26:  CIRCUIT  DIAGRAM  ELECTRONIC  MULTIPLE-  CHANNEL 

SIMULTANEOUS  SWITCH 


HIGH  SPEED  COLOR  SCHLIEREN  SLIDES  OF  PULSEJET,  AUGMENTED 
AND  UNAUGMENTED  WITH  ASSOCIATED  STREAK  PICTURE 

DYNAJET:  Unaugmented.  Interface  velocities,  determined  from  film 
velocity  and  angle  between  interface  streak  and  film  edge,  are  in 
the  range  of  800  ft/sec  where  angle  is  greatest  to  350  ft/sec 
where  angle  is  smallest.  The  actual  distance  the  pulse  travels  in 
moving  across  the  film  is  approximately  10".  Tailpipe  diameter 
is- 1.2" 

Note:  fairly  uniform  fall-off  velocity 

DYNAJET?  Augmented,  8°  divergent.  Interface  velocities  in  range  of 
800  ft/sec  to  250  ft/sec 

Note:  Slug  of  cold  ambient  air  trapped  between  the  two 

pulses.  Note  pressure  waves  -  velocity  1500  ft/sec 
with  respect  to  augmenter.  Light  line  across  center 
of  streak  film  is  reflection  of  schlieren  light  fila¬ 
ment  from  glass  plates  used  to  form  augmenter  set-up. 

TIGERJET:  Augmented,  0°.  Provides  photograph  of  augmenter  outlet. 
Tailpipe  diameter  ■  0.85" 

Note:  pulse  spillage  and  flow  reversal  over  lip  of  aug¬ 
menter;  also  vortex  at  exit  of  augmenter.  Interface 
velocities  similar  to  Dynajet  (800  ft/sec  to  200  ft/sec). 
Note  inflection  of  interface  streak  (non-uniform  rate 
of  velocity  change). 

TIGERJET:  Augmented,  2U°.  Note:  strong  pressure  wave  streaks  and 
lack  of  vortex  at  augmenter  outlet. 
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FIGURE  27:  35mm  SLIDES  OF  COLOR  SCHLIEREN  PHOTOGRAPHY 
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